The densification kinetics and structure of TiB2-TiC-C, TiB2-C and TiB2-B4C-C hetero-modulus ceramics produced via reaction hot-pressing of B4C and TiС precursors are investigated. The reaction begins at 1100°C with boron carbide decomposition and progresses in two main stages which can be predominantly determined by the boron atoms to TiC grains diffusion mechanisms. The solid phase grain boundary diffusion starts at 1100°C and effective gas phase transport finalises the reaction at temperatures above 1400°C. Two distinctive waves of the charge consolidation allow densifying investigated refractory materials at 1900°C and 30MPa during 16 minutes. The reaction is shown to define the features of the composite structure: submicron TiB2 particles and faceted voids in B4C matrix, flake-like graphite and TiB2 inclusions in TiC matrix. High concentration of carbon atoms (~ 10 at.%) in synthesized diboride titanium grains have been observed.
The bulk densities of obtained materials were measured using the Archimede's method and relative densities were calculated on the basis of the theoretical densities of TiB2 (4.495 g/cm 3 ), TiC (4.9 g/cm 3 ), B4C (2.51 g/cm 3 ) and C (graphite) (2.28 g/cm 3 ) assuming the rule of mixtures. Crystalline phase presence in the hot-pressed specimens was determined by X-ray diffractometry (DRON-4M, St. Petersburg, Russia).
Microstructural observations and local compositional analysis measurements were taken with SEM and SEM-EDX. For further investigation, some specimen surfaces were polished with diamond abrasive powders. The heat effect and adiabatic temperature were calculated using thermochemistry data from the NIST Chemistry WebBook [10] .
Contactless investigation of the interaction between TiC and B4C
To clarify the influence of B4C decomposition on TiB2 formation mechanisms the possibility of contactless interaction (gas phase transport) between titanium and boron carbides at 1100 -1900 0 С was investigated in a separate set of experiments. For this purpose TiC and B4C discs (d = 10mm, h = 5mm) from pure materials were sintered at 1300°C and 10MPa for 16 minutes and had relative density of approximately 60%. Sample surfaces were grinded and cleaned with acetone. Graphite ring was positioned between titanium and boron carbide plates to prevent contact (Fig.1) . The package was annealed in graphite die for 16 minutes with no special protective atmosphere. This way, the time and atmosphere were similar to those of main samples (№ 1 -10, Table 1 ) sintering. Phase changes of both surfaces after annealing were investigated with XRD.
Results and discussion

Densification and new phase emerging
The X-ray diffractometry of hot-pressed ceramics presented in Fig.2 has showed that the sintering process causes the initial TiC and B4C phase content reduction and this has been coincided with TiB2 and graphite formation. It was proposed by us earlier that the following chemical reaction between titanium and boron carbides in this case takes place: Figure 2 . X-ray diffractometry of stoichiometric (2TiC-B4C) composition (samples 6, 11-13, Tab.1)
As it can also be seen in Fig.2 , the reaction (1) begins at a temperature which is lower than 1200°C
and progresses slowly up to 1400°C. Further increases in temperature lead to considerable reaction rate rising, so it is mostly completed after 16 minutes at 1600°C (Fig.2d) . Composition (estimated considering reaction 1 to be completed [8] ) and density of the samples after hot pressing G raphics in Fig.3 illustrat e the differen ces in densification kinetics of samples 2, 6 and 9 (Tab.2). In sample 6 ( Similar stages in relevant temperature intervals can be seen in Fig. 3a and 3c though they are not so clear. The latter proves the reaction process affects the densification as samples 2 and 9 initial powders contain no more than 20% of stoichiometric (2TiC-B4C, equation 1) mixture while the 6-th sample titanium to boron carbides ratio is just 2:1 (see Table 1 ). There is one more simply noted attribute of the sintered samples: densities of the composites are higher than corresponding theoretical values and the discrepancy is again the greatest (~ 10%) for the stoichiometric composition (See Table 2 ). The mismatch is striking because the reaction (1) occurs with no dilatometric effect: the densities of 2TiC+B4C and 2TiB2+3C
compositions differ not more than 0.1%. It means that the deviation cannot be explained just with the completeness of the transformation (actually noticeable in Fig. 1 
Structure of the composites
Phase distribution on composite fracture surfaces presented in Fig. 4 -6 corresponds to XRD data [15] and reflects phase composition variation according to initial component ratio. Low TiC in initial powder content, like in samples 2 and 4 (Fig. 4, 7a ) provides boron carbide matrix with titanium diboride and graphite inclusions. Graphite phase is distributed in the hard carbide-boride matrix nonhomogeneously (Fig. 7) .
Considerable amount of carbon is accumulated in 10 -50μm areas mixed with TiB2 particles (Fig. 6, 7 ), while rest of the phase forms isolated flake-like inclusions (Fig. 8) . Interestingly that additional milling of the initial powder mixture (it has been done for the stoichiometric sample 6) does not affect aforementioned graphite-enriched areas in the material after hot pressing so their appearance should also be referred to the composite sintering process.
Contactless TiC-B4C interaction.
Following [13] , boron carbide enthalpy reverses positive at temperatures higher than 1000°C thus it becomes unstable at elevated temperatures. As it can be seen from Table 3 data annealing of Fig.1 arrangement up to 1300°C doesn't alter surface phase composition significantly.
Table 3
Phase composition (according to XRD analysis) of B4C and TiC sample surfaces (Fig. 7) At temperatures more than 1400°С titanium diboride formation occurred on ТіС sample surface while boron carbide evidently decomposes loosing boron atoms. Temperature increasing intensifies boron carbide decomposition resulting diboride being predominant phase on carbide sample surface. Thus the noncontact interaction experiment proved gaseous transport of boron atoms to be efficient way of TiB2 creation at elevated temperatures.
Discussion. Interaction and structure formation mechanisms.
Correlation between consolidation and reaction stages according to densification kinetics and XRD data ( Fig. 1 and 2 ) together with essential decreasing of sintering temperature and time comparing to similar material creation [16] allows to assume that the main role in presented composites structure formation plays the reaction (1) occurring alongside with hot pressing of initial powder mixtures. Sample sintering temperature (≤1900°C) is considerably lower than melting points of both starting components and products hence the boron and titanium carbides interaction occurs with no liquid phase. As is shown in [17] titanium carbide has wide homogeneity region and actually is TiC1-x where x = 0.1÷0.4 thus its cubic lattice contains a great amount of vacancies in carbon places which can easily be filled up with boron atoms being similar in their sizes to carbon ones. On the other hand, boron carbide formation enthalpy turns positive at 1000°C so B4C phase becomes metastable at higher temperatures. Experiments in contactless TiC-B4C interaction (See Fig. 1, Table 3 ) showed that its decomposition causes extremely effective boron atoms to TiC surface transport at temperatures higher than 1400°C which correlates pointedly with the reaction (1) intensification (Fig. 2) .
The solid-phase reaction between titanium and boron carbides most probably begins with B4C
decomposition. In TiC-B4C contacts boron atoms diffuse into titanium carbide grains accumulating in vacant carbon places. At certain concentration the energy of solid solution of boron in TiC becomes higher than that of carbon in TiB2 thus diboride nucleation occurs. The lattice tolerance to carbon decreases and provokes its migration towards grain boundary where it can dissolve in nearby carbide grain or (if there is lack of vacant places in the lattice) consolidate into plate-like precipitates (Fig. 8) . New boride crystal appearing according to described mechanism should actually be a nucleus of oversaturated solid solution of carbon in titanium diboride. As is shown with EDX-analysis (Fig. 9 ) TiB2 grains really contain approximately 10 at.% of Catoms. Figure 9 . EDX analysis of sample 8 polished surface
The latter consequently means that considerable amount of carbon doesn't segregate into separate phase but remains inside diboride grains as solid solution. It means graphite (the most soft and light) phase content is approximately 20% less than estimated according to reaction (1) . It should inevitably result density increasing which we indeed observed experimentally (See Table 2 ). It can be noted that considering [18] , carbon solubility in titanium diboride is less than 2 at.% so aforementioned solid solution is in highly nonequilibrium state but, the investigation of the phase should be the topic of separate experimental work and here we just propose its appearance as the most probable explanation of all the collected data. (Fig.4) . The reaction decelerates because of product interlayer formation. Further temperature increasing results boron sublimation from all the surfaces of B4C grains. B-atom transport via gas phase is not limited with titanium and boron carbides intergranular contacts. So the second consolidation wave begins. Reaction (1) heat effect increases almost linearly with temperature from ∆H  -170kJ/mole at 1000°C to ∆H  -220kJ/mole at 1800°C. Its adiabatic temperature at 1600°C amounts to 2600°C which is higher than boron carbide dissociation temperature (2450°C). Quick depletion of boron carbide surface provokes B diffusion from inner crystalline areas and formation of vacancies and vacancy clusters. Such clusters join into voids presented in Fig. 3a and 3b . When TiC amount is sufficient the depletion process can continue leaving at last shapeless carbon inclusion instead of B4C grain. C-atoms being replaced with boron during TiC -TiB2 transformation diffuse and cluster somewhere near nucleating diboride grain either piling up B4C remnants or forming individual plate-like precipitates (Fig. 7) . Such precipitates formation corresponds to John and Jenkins [19] referring to similar effect in annealed TiC-graphite system. When an amount of carbon is not sufficient to oversaturate nearby carbide lattice, clear TiC-TiB2 interface (Fig. 9 ) appears.
Intensification of the interaction (1) at 1600°C increases temperature in local areas and accelerates titanium diboride and graphite formation. Graphite precipitates emerging into grain boundaries soften intergranular links. The latter occurring under the external pressure facilitates the densification and allows obtaining bulk heteromodulus refractory materials with improved toughness at comparatively low temperatures.
Conclusions
-Processes of the densification kinetics and structure of TiB2-TiC-C, TiB2-C and TiB2-B4C-C heteromodulus ceramics produced via reaction hot-pressing of B4C and TiС precursors are investigated.
-The interaction between titanium and boron carbides starts with B4C decomposition and B-atoms accumulation inside TiC grains in vacant C places. At certain boron concentration initial TiC lattice ceased to posses the lowest energy and TiB2 nucleus emerges pushing carbon out. Thus, two types of graphite areas in sintered composite structure can be described as (i) shapeless remnants of boron carbide and (ii) plate-like precipitates being formed as a result of TiB2 nucleation.
-Titanium diboride produced during synthering contains approximately 10 at.% of carbon atoms failing to escape the lattice during TiC -TiB2 transformation. In the result the soft graphite phase content in sintered composites is ~ 20% lower than the value which can be estimated basing on the reaction (1). The fact can explain higher density of created samples and should be considered in material composition prediction. material composition.
-The sintering of powder mixtures occur in two main stages. First stage begins at approximately
